We report a modified synthesis for 5-mercapto-UTP (5-SH-UTP) and its use for analysis of protein-RNA interactions utilizing Escherichia coil and T7 RNA polymerases and yeast RNA polymerases I and Ill. 5-SH-UTP did not affect transcriptional pausing, Rhoindependent termination or recognition of the E.coIi transcription complex by NusA. RNA containing 5-SH-UMP did not crosslink to polymerase when irradiation was at 302 or 337 nm. Transcription complexes containing RNA substituted with 5-SH-UMP were post-transcriptionally modified to attach a photocrosslinking group to thiol-tagged nucleotides in the RNA on the surface of the polymerase or free in solution. The pK, for 5-SH-UTP was determined to be 5.6, so modification of the thiol groups in the RNA with p-azidophenacyl bromide could be carried out at pH 7. Addition of the transcription termination factor Rho, a RNA binding protein, to E.colitranscription complexes resulted in RNA crosslinking to Rho and to the I8 and 5' subunits of polymerase. Using 5-SH-UTP, one can distinguish RNA binding domains on the surface of RNA polymerases or other RNA binding proteins from those buried within the protein.
INTRODUCTION
Almost all RNA synthesis is catalyzed by the enzyme RNA polymerase, which forms an RNA molecule, complementary to one strand of a DNA template, by polymerization of ribonucleoside triphosphates (1) (2) (3) (4) . The complexity of RNA polymerases from different organisms varies greatly, ranging from single polypeptides, in bacteriophages such as T7, to more than 10 polypeptides, most of which have not yet been isolated, in eucaryotic polymerases (3, 5) . Much work is now focused on characterization of the structure of various polymerases, including identification of the specific protein-nucleic acid interactions involved in promoter recognition and RNA synthesis (6, 7) . By far the best characterized RNA polymerase is that from the bacterium Escherichia coli. Detailed molecular analysis of the transcription complex and how this complex is modified by various viral proteins (8) (9) (10) can now be achieved, because the polymerase subunits and their genes have been isolated.
For several years our work has focused on analysis of the protein-RNA contacts in E.coli initiation, elongation and antitermination complexes. We have used a variety of photocrosslinking nucleotide analogs, which can be incorporated into the nascent RNA in vitro, to identify the different subunits of E.coli RNA polymerase which are contacted by the RNA during transcription (11) (12) (13) (14) (15) (16) . By using several different photocrosslinking nucleotide analogs, it has been possible to identify the polymerase subunits which are contacted by the 5'-end, the 3'-end and internal regions of the nascent RNA in active transcription complexes. While these studies have allowed identification of the polymerase subunits which are contacted by the nascent RNA during transcription, they have not provided information on the nature of the RNA binding regions on these subunits. RNA crosslinking of a subunit merely identifies that subunit as being on the path of the nascent RNA during transcription, but gives no information as to whether this path is on the surface of the enzyme or if a specific, solventinaccessible, RNA binding tunnel exists. While the existence of such an RNA binding tunnel is now part of several models for the E.coli transcription complex (for reviews see [17] [18] [19] , there currently exist no definitive studies which clearly establish the existence or address the nature of such a tunnel.
We report here a method to determine which subunits of RNA polymerase interact with the RNA on the surface of the enzyme and to distinguish between interactions with these surface binding sites and interactions with subunits that occur when the RNA is buried within the transcription complex. . We have shown previously that 5-APAS-UTP is a substrate for E.coli RNA polymerase (12) . The RNA formed appears to be threaded properly through the RNA binding domains of the polymerase, because transcriptional pausing and termination are unaffected and the transcription factor NusA still interacts with the RNA in the transcription complex (13) . We have now characterized the substrate properties of 5-SH-UTP, which is the immediate precursor in the synthesis of 5-APAS-UTP. We show that it is a substrate for E.coli and bacteriophage T7 RNA * To whom correspondence should be addressed k ( C --) 1995 (20, 21) , it is extremely difficult to synthesize and in the past has often given poor yields. We have now improved upon the procedure and here we present modifications to the method and describe the changes which have allowed us to significantly increase the yield and purity.
MATERIALS AND METHODS

Materials and buffers
Ultrapure ribonucleoside triphosphates (NTPs) were purchased from Pharmacia LKB Biotechnology Inc. ApApC, ApU and GpG and APB were purchased from Sigma. Nitrocellulose transfer membrane (0.45 ,um) was the product of Micron Separations Inc. Buffer A: 30 mM Tris-OAc, pH 8.0, 40 mM KOAc, 0.5 mM Na2EDTA, 1 mM dithiotheitol (DTT), 50 jg/mi acetylated bovine serum albumin (BSA); buffer B: 40 mM Tris-HCl, pH 7.6, 15 mM MgCl2, 10 mM P-mercaptoethanol, 50 jg/ml acetylated BSA; buffer C: 30 mM Tris-HCl, pH 7.0, 10 mM KCl, 0.5 mM Na2EDTA, 50 jg/ml acetylated BSA; buffer D: 7 M urea, 10 mM Na2EDTA, 0.02% (w/v) bromophenol blue, 0.02% (w/v) xylene cyanol; buffer E: 100 mM Tris-HCl, pH 8. Enzymes and plasmids RNA polymerase was purified from E.coli MRE 600 cells (Grain Processing Co., Muscatine, IL) using published procedures (22, 23) . Restriction enzymes were the products of Promega. TI RNase was purchased from Sigma. Plasmid pKK34-121 contains the E.coli rrnB P1 and P2 promoters (24) . T7 RNA polymerase and plasmid pLM45, containing the phage T7 d10 promoter, were kindly provided by Dr William McAllister (SUNY). Plasmid pAR1707 contains the Al promoter from bacteriophage T7, which is a strong E.coli RNA polymerase promoter, and the Rho-independent early terminator te. Plasmid pBHE-179 contains the bacteriophage X PR' promoter (an E.coli RNA polymerase promoter), with an EcoRI site at position +179 relative to the start of transcription, cloned into the multiple cloning site of pBluescript KSII (-) (Stratagene). Glnl 11, which binds strongly to an EcoRI site but does not cleave the DNA, was purified as described (25, 26) . Transcription factor NusA was made as a fusion protein in our laboratory (27) . Termination factor Rho was kindly provided by Dr D. Bear (University of New Mexico).
Synthesis of 5-SH-UTP 5,5"-Dithiobis(uridine 5'-triphosphate) (bis-5-S-UTP; Fig. 1A, I ) was synthesized using a modification of a published method (20, 21) . Fresh reagents must be used. UTP (1.0 g, 2 mmol) was suspended in 75 ml dimethylacetamide at 4°C. Methylhypobromite was prepared in 38 ml anhydrous methanol from 14 g (50 mmol) silver carbonate and 2.8 ml (50 mmol) bromine. Sodium disulfide was prepared from 13 g (48 mmol) sodium sulfide nonahydrate and 1.6 g (48 mmol) sulfur in 75 ml 100% boiling ethanol. The methylhypobromite was added to the suspension of UTP-dimethylacetamide, followed by addition of 13 g (40 mmol) freshly prepared sodium disulfide. The reaction mixture was stirred at room temperature for 24 h. Separation by anion exchange column chromatography (28) gave a 42% yield of bis-5-S-UTP. The purity of the bis-5-S-UTP was determined by HPLC analysis on a Beckman Ultrasphere ODS column (4.6 x 25 cm). The samples were eluted at 1 completely free of contaminating UTP (Fig. iB) . 5-SH-UTP ( d.p.m./pmol) and 10 jg/ml rifampicin were added to the reaction. This resulted in formation of A20 complexes, which are ternary transcription complexes containing RNA 20 nt long. The RNA sequence from this promoter is 5'-AUCGAGAGGGA-CACGGCGAA20UAC. Therefore, initiation of transcription in the presence of ApU, CTP, GTP and ATP causes the RNA polymerase to pause after incorporation of the first 20 nt in the absence of UTP. To test the specificity of incorporation of 5-SH-UTP by elongation of the 20mer RNA to the 21mer RNA, A20 complexes were separated from unincorporated nucleotides by gel exclusion chromatography, as previously described (12). The 20mer RNA was then elongated to the 21mer by addition of UTP (1 jM), 5-SH-UTP (1 ,uM) or 5-APAS-UTP (20 jiM). RNA was analyzed by electrophoresis on a 20% polyacrylamide-urea gel ( Fig. 2A) .
To compare the photocrosslinking properties of each of the UTP analogs and UTP, transcription complexes containing the 21mer RNAs were placed in clear plastic microcentrifuge tubes -1.5 cm above a 302 nm light source (Spectroline model XX-15B, 1800 juW/cm2 at 15 cm) and irradiated for 2 min at room temperature. DTT was added to each sample and then the proteins were analyzed on a 10% SDS-PAGE gel, followed by silver staining and autoradiography of the gel (Fig. 2B ).
Transcription properties of E.coli RNA polymerase as a function of pH The pKa for the thiol group on 5-SH-UTP was estimated by analysis ofthe absorption spectrum in the pH range 5-8 ( Fig. 3A) . For analyzed using the low salt pellet fraction, while RNA polymerase Im transcription was analyzed using the low salt supematant fraction. The RNA polymerase I template used was pDR1O linearized with EcoRV and the RNA polymerase Ill template was the 5S rDNA gene-containing plasmid pBB111R. The only modification of the transcription assay was that the total volume was reduced to 20 ,ul and the nucleotide substrates were adjusted as described in the figure legends ( Fig. 5B and C) . were electrophoretically transferred to a nitrocellulose membrane (0.45 ,um; Micron Separations Inc.) using buffer F. The membrane was silver stained with buffer G and then exposed to X-ray film at -800C.
RESULTS AND CONCLUSIONS Synthesis and characterization of 5-SH-UTP
The synthesis of 5-SH-UTP has been described previously as part of the synthetic pathway for 5-APAS-UTP (Fig. IA) . This synthesis contains several steps at which slight deviations from the optimal protocol will cause the reaction to fail. The modifications that we report here have allowed us to reproducibly obtain much higher yields of 5-SH-UTP than with the earlier procedure. The 5-SH-UTP, generated by reduction of bis-5-S-UTP, contains no detectable UTP, as judged by analytical HPLC (Fig. 1B) . It is critical that all reagents be fresh (new bottles) and that the synthesis be carried through to as far as the synthesis of bis-5-S-UTP before stopping. The earlier synthesis involved reaction of sodium disulfide with methylhypobromite-UTP suspension at 40C. We have now evaluated the effect of reaction times and temperatures during this step and'have found that the yield is significantly increased when the reaction is done at room temperature for at least 24 h.
Specificity of incorporation of 5-SH-UTP with E.coli RNA polymerase
To determine if 5-SH-UTP could specifically replace UTP during transcription with E.coli RNA polymerase, transcription complexes containing RNA 20 nt long prepared from the T7 Al promoter were isolated. This is a strong E.coli RNA polymerase promoter and the nucleotides encoded at positions 21 and 22 are UMP and AMP respectively. When UTP was added, the RNA was elongated to a 21mer ( Fig. 2A, lane 2 transcription complexes was carried out for 2 min at 302 nm and the polymerase subunits were then analyzed by SDS-PAGE and autoradiography (Fig. 2B) . Only the 5-APAS-UMP-modified RNA resulted in any crosslinking of the RNA polymerase under these conditions, as evidenced by radioactive labeling ofthe a and [' subunits of the enzyme. These results are consistent with our earlier work. These results suggest that either the mercapto group of 5-SH-UMP did not contact polymerase when at the 3'-end of the RNA or that 5-SH-UTP is not a photoreactive nucleotide analog. Although 4-S-UTP, which has nearly the same absorption maximum as 5-SH-UTP, is photoactivated with this light source (31), we also considered the possibility that 5-SH-UTP might require photoactivation with a different light source, as discussed below.
Analog ionization and transcription by E.coli RNA polymerase as a function of pH
The transcription experiments involving the 21mer RNA were carried out at pH 8.0, which is the pH of the transcription buffer we normally use for E.coli transcription. At this pH we expected that the thiol group on the analog would be fully ionized, resulting in an analog which carries an additional negative charge as compared with UTP. To determine the pKa for 5-SH-UTP, the absorption spectra were recorded over apH range of 5.0-8.0 (Fig.  3A) . The absorption at 336 nm is characteristic of the ionized state of the mercapto group (29) . At pH 5.0 there was no absorption at 336 nm and therefore the compound was fully protonated and uncharged. Ionization was -50% at pH 5.6, thus defining the approximate pKa for 5-SH-UTP.
Although the results shown in Figure 2 indicated that the analog could be incorporated specifically into the 3'-end of the RNA, even when fully ionized, the possibility that the extra negative charge would affect other steps in elongation or termination was investigated. To determine over what pH range this analog could be used with E.coli RNA polymerase, the transcription properties of the enzyme were examined from pH 5.0 to 8.0 (Fig. 3B) . The template used contained the P1 and P2 promoters of the E.coli rn-B operon followed by the strong Rho-independent t1 terminator, 380 and 260 bp downstream respectively. As expected, transcription was optimal at pH 8.0, but specific transcripts were detected over the entire pH range. The pH range under which the E.coli enzyme functions is quite broad and that of other polymerases may be more restrictive. Transcription with 5-SH-UTP was carried out at both pH 6.0 and 8.0 and the RNA pause sites observed with each were the same (not shown).
Because transcription efficiency was greatest at pH 8.0 and it appeared that at least Rho-independent termination at ti was unaffected by the presence of the extra negative charge on the analog, the effect of the analog on transcriptional pausing with E.coli RNA polymerase was investigated. In addition, the ability of the transcription elongation factor NusA to recognize the transcription complex and enhance pausing was examined (Fig.  4) . The pausing assay provides information about the effect of the analog on RNA secondary structure formation, as many pause sites occur downstream from RNA stem-loop structures. For this assay, the T7 Al promoter was used, from which we have previously determined there is a strong NusA-enhanced pause at position +80, which does occur immediately downstream of an RNA hairpin (13) . Synchronously started transcription complexes paused at position +20 were prepared and then the RNA was elongated in the presence of UTP or 5-SH-UTP, with or without NusA. At the 5-SH-UTP concentration used in this experiment (100 ,uM) the elongation rate was somewhat slower, but the polymerase paused at the same sites. The major pause at +80 is indicated. The enhancement of pausing by NusA can be seen by the fact that the 80mer RNA persists longer in the presence of NusA (compare the 15 min time points). NusAenhanced pausing was observed even with complete replacement of UTP by 5-S-UTP in the reaction, indicating that recognition of the complex by this transcription factor was unaffected by the presence of the analog and that 5-SH-UMP could be incorporated at internal positions in the RNA, as well as at the 3'-end. Further, Rho-independent termination at the terminator te was normal with the analog, again indicative of normal stem-loop structure formation. The elongation rate with 5-SH-UTP could be increased to that observed with UTP by increasing the concentration of the analog to 1 mM (not shown). Fig. SB and C) . However, 5-SH-UTP was a rather poor substrate for RNA polymerase I under these conditions (Fig. SB, lanes 1 and 2) . The nuclear yeast RNA polymerases are all quite complex; consisting of -12-16 subunits (35) . Several of the smaller subunits are shared between polymerases, while the largest two subunits are unique to each polymerase. The apparent difference in the extent to which RNA polymerases I and IH utilized 5-SH-UTP as a substrate may reflect slight structural differences between catalytic sites of these enzymes.
Post-transcriptional modification of RNA in transcription complexes To determine whether RNA containing 5-SH-UMP could be specifically modified with a thiol-specific reagent, RNA was synthesized with E.coli RNA polymerase with either UTP or 5-SH-UTP as a substrate (Fig. 6) . Transcription complexes were then split in half and half of each reaction was treated with APB at pH 7. This reagent reacts fairly specifically with ionized thiol groups. Because the pKa for 5-SH-UMP is significantly lower than that of cysteine, preferential modification of the RNA might be achieved at pH 7. At this pH, the cysteine thiol groups on proteins should be only slightly ionized. We found that RNA containing UMP or 5-SH-UMP without the addition of APB resulted in only negligible photocrosslinking to the proteins present (Fig. 6, lanes 2 and 6) . In the reaction in which the RNA contained UMP and APB was then added, again no crosslinking of RNA to protein was observed (lane 4). This indicates that either protein thiol groups were not significantly modified by the APB or, if they were modified, none were in contact with any region of the RNA. We cannot distinguish between these two possibilities with this experiment. However, this result supports the conclusion that the protein crosslinking observed when APB was added to 5-SH-UMP-modified RNA was due to specific attachment of the crosslinker to the RNA and not to protein (lane 8).
Evaluation of 5-S-UTP as a photocrosslinking nucleotide analog at different wavelengths Irradiation at 302 nm of transcription complexes containing 5-SH-UMP at the 3'-end of the 21mer RNA from the T7 Al promoter did not produce crosslinking of the RNA to the , or ' subunits of E.coli RNA polymerase, as was the case with 21mer RNA containing 5-APAS-UMP at this position (Fig. 2B) . Because this could be due to the fact that the thiol group may not have contacted the polymerase at this position in the RNA, we prepared RNA that contained 5-SH-UMP throughout the transcript. Again, no crosslinking to polymerase or Rho was seen when the complexes were irradiated at 302 nm (Fig. 6, lane 6) . The absorption maximum for 5-SH-UTP is at 336 nm, with relatively low absorption at 302 nm. However, this is also true for the photoreactive analog 4-S-UTP, and we have found the 302 nm light source to be effective for photoactivation of this compound (31) . However, to ensure that the lack of crosslinking with 5-SH-UTP was not caused by irradiation at the wrong wavelength, we compared crosslinking with RNAs containing UMP, 4-S-UMP and 5-SH-UMP. The two light sources used were a broad range lamp with maximum output at 302 nm and a nitrogen laser with monochromatic output at 337 nm. Transcription complexes containing RNA with these different analogs were irradiated for 1 or 10 min and labeling of the [B and ,' subunits of the polymerase was examined. As we have seen in the past, both the 302 and 337 nm light sources produced crosslinking to ( and [.' with the 4-S-UMP-substituted RNA (Fig. 7) . Neither UMP nor 5-SH-UMP-substituted RNA produced any significant crosslinking at either wavelength. A low level of labeling was detected after irradiation of the 5-SH-UMP RNA for 10 min with the 337 nm laser, however, this was <2% of that observed with 4-S-UMP RNA during only 1 min irradiation with the same light source. We therefore conclude that 5-SH-UTP is not itself an effective photocrosslinking nucleotide analog.
DISCUSSION
We have shown that the ribonucleotide analog 5-SH-UTP is an excellent substrate for several RNA polymerases, both procaryotic and eucaryotic. Unlike the photocrosslinking analogs 5-APAS-UTP (13) and 5-APAS-CTP (28), there appears to be no problem with incorporation of two 5-SH-UMPs sequentially in the transcript. With 5-APAS-UTP and 5-APAS-CTP one must include small amounts of UTP or CTP respectively in order to achieve synthesis of full-length RNA transcripts. For example, UTP must be added to at least 5 jM to produce the te transcript when 200 ,uM 5-APAS-UTP is used with 20 jM ATP, CTP and GTP (12) . With 5-SH-UTP present at only 100 ,uM and 20 ,uM ATP, CTP and GTP, the te transcript was produced without addition of any UTP (Fig. 4) . Since neither the bis-5-S-UTP (Fig.  1 B) nor the ultrapure nucleotides used (not shown) contained any UTP, production of full-length RNA could only occur by incorporation of analog at adjacent positions. Therefore, using 5-SH-UTP it is now possible to prepare analog-substituted RNA in which the analog can be placed at virtually any position. For preparation of large quantities of analog-tagged RNA, the bacteriophage T7 transcription system can be employed, for which a variety of convenient cloning vectors are commercially available.
Once 5-SH-UMP-substituted RNA has been synthesized, it can then be modified with a variety of thiol-specific reagents (crosslinkers, fluorescent tags, biotin). The RNA can be modified as part of the transcription complex or it can be isolated and then modified in the absence of other protein. We have demonstrated that after modification of 5-SH-UMP-substituted RNA with APB, RNA binding proteins can be crosslinked to the RNA. We observe crosslinking to the transcription termination factor Rho when added to intact transcription complexes (Fig. 6, lane 8) .
Because the pKa for 5-SH-UTP is so low compared with protein thiols, it should be possible to develop low pH reaction conditions to preferentially modify the RNA over protein thiol groups. Current models for the structure of the E.coli transcription complex include a tight RNA binding region through which it is proposed the RNA is threaded during transcription (17) (18) (19) . Using the method described here, it should now be possible to carry out experiments to probe for the existence of such a region. If 5-SH-UMP-modified RNA is synthesized with E.coli RNA polymerase and then the RNA is modified with APB while still part of the complex, any positions within the RNA that are not on the surface of the enzyme should not be modified by APB (Fig.  8) . Thus, by analysis of the differences in crosslinking patterns in parallel experiments utilizing 5-APAS-UTP, where the crosslinker should be properly threaded through an RNA binding channel, and 5-SH-UTP, where nucleotide positions in the channel will not be modified, one can begin to determine if such a channel exists and, if so, which regions of polymerase form it. 5-SH-UTP may allow structural analysis of eucaryotic RNA polymerases, such as yeast RNA polymerases I and III, as well. It is now possible to incorporate 5-SH-UMP into the RNA and then post-transcriptionally modify the transcript. We hope that this will allow us to eventually map the polymerase subunits contacted by the RNA during transcription with these enzymes.
